Chemical vapor deposition for polymer thin films
In chemical vapor deposition (CVD) polymerization, vapor-phase monomers react to form pure solid films directly on the surface of a substrate. Thus, polymerization and coating occur in a single processing step. This enables the formation of highly cross-linked coatings as well as copolymers of incompatible monomers. Thus, a key niche for CVD is the modification surfaces with polymers having limited or no solubility, as is the case for poly(tetrafluoroethylene) (PTFE) and many other fluoropolymers, electrically conducting polymers, and highly crosslinked organic networks.
The substrate compatibility afforded by CVD is essential for implementing polymeric surface modification layers in practical applications such as medical implants, membranes, and microfluidic devices. For example, consider a tissue paper substrate which cannot survive exposure to harsh solvents or high temperatures. A 40 nm thick CVD PTFE renders the surface of the tissue non-wetting (Fig. 1a,b) , a dramatic demonstration of the "gentleness" of CVD polymerization.
During the CVD treatment, the tissue remains at room temperature, in stark contrast to the conventional high-temperature (~400°C) sintering step used in applying PTFE to non-stick cookware.
Vapor deposition avoids the undesirable effects of de-wetting and surface tension arising from liquid phase coating processes (Fig. 1e,f) .
Practical applications often involve non-planar substrates having microand/or nano-scale features, motivating the desire for polymeric thin films displaying uniform thickness over the geometric features present in the substrate, so called conformal coatings. Conformal coverage by CVD polymers (Fig. 1c,d,g ) results from the arrival of reactants to the surface by non-directional vapor phase diffusion combined with the limited probability of the reactants "sticking" to the surface during a single collision 1 . For textiles, papers, and non-woven mats, conformal coverage results in the "shrink-wrapping" of the individual fibers comprising the substrate, thus retaining high surface area and breathability in the final coated product.
Processes for CVD polymers can readily transition out of the laboratory into commercial applications as a result of the same characteristics that make the CVD of inorganic films a mainstay of integrated circuits manufacture 2 . These desirable attributes of CVD include uniformity, scalability, purity, and ability to systematically tune film properties. Real-time monitoring using interferometry or a quartz crystal microbalance permits films to be grown to the precise thickness desired.
CVD polymerization chemistry
Chemical vapor deposition (CVD) of polymers combines the organic synthesis of polymers, typically performed in the liquid phase, with the formation of coatings from the vapor phase, widely used in the formation of inorganic thin films. The first method in forming organic films by CVD was plasma enhanced CVD (PECVD), where plasma excitation creates the active species that initiate polymerization.
However, PECVD involves a complex mechanism where highly active species such as free radicals and ions are involved 3, 4 . However, chemical control and functionality retention are typically limited.
This led to efforts to better control the chemistry and side-reactions during CVD polymerization, through alternate reaction and initiation schemes 5, 6 .
The chemical mechanisms established for traditional polymer synthesis have been directly translated into CVD platform technologies for both chain growth and step growth polymerization 6 . Such selective chemical strategies are essential for devising low-energy, low-temperature CVD processes. Indeed, the chemical composition of the CVD polymer films deposited using a selective strategy is often indistinguishable from conventionally synthesized materials.
For example, vapor deposition polymerization (VDP) 7 and molecular layer deposition (MLD) 8 use CVD methods to perform step growth polymerization reactions, by introducing the monomers into the reaction chamber in vapor phase and allowing them to adsorb and react on a cooled substrate. In VDP, both monomers enter the chamber Fig. 1 This review focuses on two more recent techniques of CVD polymerization: initiated CVD (iCVD) and oxidative CVD (oCVD) 11, 12 .
The first of these methods closely translates free radical polymerization to vapor deposition, whereas the second is used to form coatings of conducting polymers. Both methods benefit from high chemical control and functionality retention, and are able to form conformal coatings on various substrates 11, 12 .
In initiated CVD (iCVD) an initiating species, such as tert-butyl peroxide, and a chain growth monomer are simultaneously introduced through the vapor phase. Inside the iCVD reactor chamber ( then proceed on a cooled substrate. In the absence of an initiator species, film growth is negligible 13 . The iCVD method has proved exceptionally versatile for chain growth polymers including PTFE 14 ,
acrylates [15] [16] [17] [18] , methacylates 19, 20 , styrenes 21, 22 , vinylpyrrolidone 23 and maleic anhydride 21, 22 (Fig. 2b) . A variation on the iCVD method, involves the simultaneous vapor phase introduction of a photosensitive initiator along with a vinyl monomer. Upon excitation by a UV light source, a photoinitiated CVD (piCVD) polymer layer deposits 24 . As in the case with other CVD depositions, the range of polymer structures that can be deposited by iCVD is limited by the delivery of the precursors into the vacuum chamber and onto the substrate surface.
The precursor molecules need to have a high enough vapor pressure to achieve a reasonable and steady flow rate into the reactor. This limits the use of monomers and initiators with high molecular weight or polarity.
Most iCVD and piCVD reactors are pancake shaped vacuum chambers into which monomers are evaporated and metered by mass flow controllers or needle valves ( Fig. 2a ) 11 . Vertical barrel style reactors 25 and larger scale roll-to-roll systems 18 have also been described. In all cases, reactors must be designed to ensure uniform gas flow to achieve uniform film thickness. One or more monomers can be delivered to the reactor, and their delivery rates can be varied throughout the deposition process, making it possible to form copolymers, terpolymers and gradient chemistries with simple control 13, 26, 27 . The total pressure in the reactor, filament temperature and stage temperature can also be used to tune and optimize the deposition process 15, 16, 28 . iCVD reactors are often equipped with viewports that allow in situ monitoring of the deposition process, (b) (a) such as laser interferometry 11, 29 to monitor the growth rate or spectrometers to analyze the gas phase composition in real time 29 .
This confers great control over the iCVD deposition process, and makes it possible to deposit films of a wide range of thicknesses with high precision.
The method of oxidative CVD (oCVD) enables the step growth of electrically conducting polymers such as poly(ethylenedioxythiophene) (PEDOT). For oCVD, the oxidant and monomer are delivered to the substrate through the vapor phase (Fig. 3a) . Adsorption and spontaneous reaction proceed directly on the substrate. No additional excitation of reactants is required. Conducting polymer layers synthesized using preapplied oxidant in combination with vapor phase monomers has been termed vapor phase polymerization (VPP) 30, 31 .
Since the need for a solid state dopant typically utilized to achieve solubility is avoided, CVD results in high conductivity layers (>1000 S/cm). Simply by changing the substrate temperature, both the electrical conductivity and the work function of oCVD PEDOT can be systematically tuned 32, 33 . Other conducting polymers, polypyrrole (PPy) and poly(3-thiopheneacetic acid) (PTAA), have also been deposited by oCVD 34 . oCVD precursors need to have a high enough volatility to be delivered into the vacuum chamber without decomposition. This, in addition to the commercial availability of functional precursors, limits the range of chemistries that can be achieved by oCVD.
In both of the processes described by Figs. 2 and 3 , the CVD process builds film from the substrate up, affording the opportunity to engineer the interface between the growth surface and the polymeric coating. In particular, covalent bonding at the interfaces is desired for promoting adhesion, and in the case of conducting polymers, for potentially influencing electronic transport. For substrates containing an aromatic utilized in oCVD creates a radical cation directly on growth surface.
From this reactive site, step growth of a conducting polymer brush can proceed directly. The greatly improved adhesion and patternability of these grafted oCVD conductive polymer layers can be seen in Fig. 4 .
Grafting enables high-resolution (60 nm) oCVD patterns, even on flexible substrates 35 .
Grafted films of vinyl polymers can also be formed by iCVD. One way of achieving such tethered thin films is to incorporate vinyl groups on the substrate surface, often by a surface treatment prior to deposition 36 . Another strategy is using a volatile type II photoinitiator such as benzophenone, which creates free radical sites on the surface of the substrate upon exposure to UV light 37 . This results in the growth of chains covalently bound to the substrate surface. In both cases, the durability and adhesion of the coatings are significantly enhanced.
In iCVD and oCVD, the adsorption of the monomer onto the surface usually limits the rate of CVD polymerization. Thus, low temperature substrates, which promote adsorption of the reactive species, lead to rapid CVD polymer film growth (100's of nm/min). The dimensionless ratio of the partial pressure of monomer to its saturation pressure, P M /P SAT , is a key figure of merit for CVD polymerization. Adsorption isotherm studies of vinyl monomers indicate monolayer coverage is reached for P M /P SAT ~0.4, while condensation of a liquid phase corresponds to a value of unity for P M /P SAT . Typically, iCVD operates within the range of 0.2 < P M /P SAT < 0.8, allowing the desirable process window for the deposition of new monomers to be predicted solely from vapor pressure data. This simple correlation has led to the rapid development of new iCVD polymers (Fig. 2) . The adsorption process serves to concentrate the monomers on the surface to liquid-like concentrations, whereas the gas-phase monomer concentrations are several orders of magnitude lower. Increasing the density of monomers at the surface corresponds to faster iCVD growth rates and also to deposited polymeric chains of higher number average molecular weight 15, 16 .
Simultaneous control of surface concentration for two monomer species is required for copolymerization 21, 26, 38, 39 . Random copolymer compositions can be predicted utilizing surface concentrations and conventional analysis of reactivity ratios, which confirms the concept of heterogeneous polymerization is occurring a nearly liquid-like adsorbed surface layer 38 . When the reactivity between unlike monomers far exceeds those for either homopolymerizations, perfectly alternating iCVD polymer films result 21 . CVD copolymerization is well suited for deposition from monomers which have no convenient common solvent. For example, photoinitiated CVD readily achieved smooth films of random copolymers from highly hydrophobic and highly hydrophilic comonomers 26, 40 .
Changing the proportion of comonomers fed to the CVD reactor 
Surface engineering
The retention of organic moieties in the CVD polymer films provides synthetic control over the functional groups displayed at the surfaces.
These moieties provide systematic control over surface properties such as wettability, lubricity, adhesion, and biocompatibility. Additionally, the functional groups impart chemical and biological specificity to the surfaces. Specific chemical sites on CVD polymers have proved useful in subsequent surface attachment of fluorescent dyes 41 , bioactive molecules 41, 42 , and inorganic nanoparticles 34, 36 . CVD copolymerization with monomers with multiple vinyl groups results in controllably cross-linked films which are resistant to solvent damage yet remain mechanically flexible [42] [43] [44] . Multifunctional surfaces have been designed through both CVD copolymerization from multiple monomers and via patterning strategies on multilayer CVD polymer stacks 36, 41, 45, 46 .
In addition to imparting specific functionality, CVD polymers can be used to simply alter the surface energy of various substrates.
Low surface energy surfaces can be formed using iCVD films such as PTFE 47, 48 and other fluorinated polymers 17, 49 . Such coatings have applications in areas such as stain resistant fabrics, anti-wetting applications, and microelectromechanical systems (MEMS).
Highly hydrophilic coatings such as hydrogels, on the other hand, are of interest as fouling resistant and biocompatible coatings in biomedical applications. Poly(hydroxyethyl methacrylate) (PHEMA) hydrogel thin films deposited by iCVD have shown promise for such coatings for preventing fouling of sensors that would easily be damaged by other coating methods 50 . The CVD hydrophilic/ hydrophobic copolymers displayed compositional heterogeneity at the molecular-length scale also proved successful in disrupting the adsorption of the protein Bovine Serum Albumin (BSA) 40 . In addition, iCVD PHEMA has been demonstrated as non-cytotoxic surfaces for the growth of human cells, providing evidence that iCVD is a clean synthesis process that does not entrain unreacted monomer or initiator in the deposited polymer film 51 .
iCVD can also be used to coat microparticles to encapsulate them for controlled release, and change their surface chemistry.
The encapsulation of pharmaceuticals can be difficult with solution methods, as especially small particles tend to aggregate during this process. Furthermore, many drug molecules are fragile and potentially soluble. The solvent-free, room temperature iCVD is ideal for the encapsulation of such drug particles 39, 52, 53 .
Optoelectronic devices and sensors
CVD polymers integrate directly into vacuum processing schemes for the fabrication of inorganic optoelectronic devices which demand high purity films and interfaces. Purity is also paramount for biomedical device coatings, where residual solvent rather than the polymer coating itself can be responsible for lack of biocompatibility and poor electrical insulation characteristics 54 
Patterned functional and responsive surfaces
Hydrogels with weak acidic or basic groups exhibit pH-responsive swelling that varies often to a much greater extent than in the case of neutral hydrogels. This property has benefits in many applications, including drug delivery and responsive membranes. CVD polymerization has a significant advantage in the coating of soluble drugs, which would be impossible using solution methods 39, 53 . The ability of CVD to form very thin, defect free coatings also finds use in the formation of the selective layers of composite membranes, including pH responsive (b) (a) hydrogels 27 . Due to the stresses that arise upon swelling and collapse of responsive hydrogel layers, the durability and adhesion of such coatings is crucial. As described above, CVD films can be attached to surfaces through covalent bonds 27, 57 . This treatment prevents the coatings from delaminating through volume changes by over 10 times, as well as ultrasonication 27 .
High resolution polymer patterns find use in many fields, including sensors, tissue engineering, and MEMS. CVD films can be patterned by various approaches, including conventional 13, 36, 43, 57, 58 and nonconventional lithography 57-59 , microcontact printing 42, 60 , and through the use of masks during deposition 27, 59 . Functional groups can be incorporated in the patterns for the attachment of biologically active components 27, 36, 41 .
An example that demonstrates all these attributes is shown in Fig. 7 27 . In this study, a cross-linked polymer containing maleic anhydride groups, poly(maleic anhydride-co -dimethylacrylamide-codie(ethylene glycol) divinyl ether) (PMaDD) was patterned using a TEM grid as a mask. Anhydride groups were used to functionalize the gel with cysteamine and attach CdSe/ZnS nanoparticles. The remaining anhydride groups are then hydrolyzed to form the carboxylic acid groups, which results in a pH-sensitive hydrogel that is highly swellable.
The patterns are grafted onto the substrate, which was functionalized prior to the CVD step with amine groups that react with maleic anhydride to form covalent bonds. This allows the patterns to survive the high degrees of swelling (over 10 times) experienced upon changes in pH, as well as shear processes such as ultrasonication. 
Future outlook
Understanding of the chemical kinetics and fluid dynamics of CVD polymer reactors has allowed successful scale-up to batch reactors > 100-fold larger. Because the CVD polymers are compatible with flexible substrates like plastics, papers, textiles, and membranes, scale-up has also been achieved to economical roll-to-roll processing.
For commercialization, the all-dry nature of CVD has the potential to reduce environmental, health, and safety impacts associated with solvents as well as the economic costs associated with solvent disposal. Due to the fact that CVD polymerization has to be conducted under vacuum, commercial scale iCVD and oCVD systems can require large capital investments and trained staff. However, an installed system is often economical to operate, especially in specialty applications where the advantages of CVD polymerization such as conformality, thickness control and functional group retention are emphasized.
In conclusion, CVD polymerization bridges all-dry microfabrication technology with the chemistry of functional and responsive organic materials. In a single step, vapor-phase monomers can be transformed through selective reaction for conformal surface modification of micro-and nano-structured surfaces. These heterogeneous processes for functionalizing solid surfaces have only begun to be exploited for novel device applications, such as in flexible optoelectronics, sensors, and biomedical devices. In the future, CVD polymers will find more use in many more fields, including MEMS, drug delivery, modulating cell-surface interactions, microfluidic devices, and membrane separations.
